Abstract Attention-deficit/hyperactivity disorder (ADHD) is the most common behavioral disorder of childhood. Preliminary studies with proton magnetic resonance spectroscopy ( 1 H-MRS) of the brain have reported differences in brain metabolite concentration-to-Cr ratios between individuals with ADHD and unaffected controls in several frontal brain regions including anterior cingulate cortex. Using multivoxel 1 H-MRS, we compared 14 individuals affected with ADHD to 20 individuals without ADHD from the same genetic isolate. After controlling by sex, age, and multiple testing, we found significant differences at the right posterior cingulate of the Glx/Cr ratio density distribution function between ADHD cases and controls (P \ 0.05). Furthermore, we found several interactions of metabolite concentration-to-Cr ratio, age, and ADHD status: Ins/Cr and Glx/Cr ratios at the left posterior cingulate, and NAA/Cr at the splenius, right posterior cingulate, and at the left posterior cingulate. We also found a differential metabolite ratio interaction between ADHD cases and controls for Ins/Cr and NAA/Cr at the right striatum. These results show that: (1) NAA/Cr, Glx/Cr, and Ins/Cr ratios, as reported in other studies, exhibit significant differences between ADHD cases and controls; (2) differences of these metabolite ratios between ADHD cases and controls evolve in specific and recognizable patterns throughout age, a finding that replicates previous results obtained by structural MRI, where is demonstrated that brain ontogeny follows a different program in ADHD cases and controls; (3) Ins/Cr and NAA/Cr ratios, at the right striatum, interact in a differential way between ADHD cases and controls. As a whole, these results replicate previous 1H-MRS findings and add new intriguing differential metabolic and ontogeny patterns between ADHD cases and controls that warrant further pursue.
Introduction
Attention-deficit/hyperactivity disorder (ADHD), defined as a persistent syndrome characterized by inattention, excessive motor activity, and impulsivity, is the most common behavioral disorder of childhood and affects 8-12 % of children worldwide (Biederman and Faraone 2005) . ADHD-affected individuals are at increased risk for poor educational achievement, low income, underemployment, legal difficulties, and impaired social relationships (Faraone et al. 1996) . A conservative estimate, based on an ADHD prevalence of 5 %, estimated the costs attributable to ADHD in the United States at $42.5 billion per year (range $36-$52.4 billion) (Pelham et al. 2007 ). Although ADHD occurs as a single disorder in a minority of diagnosed individuals, it is generally comorbid with other behavioral and emotional disorders such as oppositional defiant disorder (ODD), conduct disorder (CD), and substance abuse . Also, genetic and environmental factors play a key role in conferring susceptibility to ADHD (Pineda et al. 2007; Lopera et al. 1999) .
Extensive literature derived from brain imaging studies strongly supports the presence of anatomical and developmental differences between ADHD cases and control individuals. These differences can be summarized as follows. First, the caudate nucleus and globus/pallidus are smaller in the ADHD versus control individuals (Swanson et al. 2007 ). Second, ADHD individuals have relatively larger posterior brain regions and smaller anterior brain regions (Swanson et al. 2007 ). Third, areas coordinating multiple brain regions, such as rostrum and splenium of the corpus callosum and the cerebellum vermis lobules VIII-X, are smaller in ADHD individuals than in control groups (Swanson et al. 2007 ). Fourth, throughout the cerebrum, there is a delay in the age of attaining peak cortical thickness in children with ADHD compared to controls (Shaw et al. 2007 ). Fifth, a meta-analysis of seven studies including a total of 114 patients with ADHD (or related disorders) and 143 comparison subjects showed a reduction in the gray matter in the right putamen/globus pallidus region (Ellison-Wright et al. 2008) . Sixth, recent studies in adults, as are the majority of patients in this study (see below), report that the posterior cortex is particularly compromised in adults with ADHD (Proal et al. 2011) . These established structural variations suggest the presence of both variable brain neuronal regulation and/or function, as well as different structural patterns of brain ontogeny between ADHD cases and controls.
Proton magnetic resonance spectroscopy ( 1 H-MRS) is a noninvasive technique for evaluating brain chemistry in vivo (Sun et al. 2005) .
1 H-MRS can obtain the spectra of metabolites linked directly as well as indirectly to neurotransmission pathways; these metabolites include N-acetylaspartate (NAA), Inositol (Ins), Choline (Cho), and Glutamate-Glutamine complex (Glx) to creatine (Cr) ratios (in the brain, creatine is a relatively constant element indicating that neuronal energetic metabolism is taking place and therefore used as an internal standard). For instance, NAA/Cr intensity is thought to be a marker of neuronal integrity and is the most important proton signal in studying central nervous system (CNS) pathology.
Decreases in the NAA/Cr signal are associated with neuronal loss. Besides, changes in Cho/Cr levels are associated with acute demyelinating disease. Glx is a neurotransmitter of the glutaminergic system, which is the major stimulatory system in the CNS. Because it plays a fundamental role in neuron maturation (it regulates the processes of proliferation and migration of neural precursors and immature neurons during brain development) as well as in learning and memory processes, changes in Glx/Cr ratios have been associated with process affecting both brain's ontogeny and physiology of the CNS (Smigielska-Kuzia and Sobaniec 2007).
Thus far, such neurometabolic markers reflect the specific stage of brain development as well as providing an index of neuronal function, both of which are ultimately related to neuronal activity and/or viability number (Sun et al. 2005 ). These features make 1 H-MRS potentially useful to study potential differences in brain function metabolism in individuals with ADHD. Preliminary 1 H-MRS studies showed the presence of significant differences between ADHD cases and controls. For instance, at the frontal-striatal region and at the right dorsolateral frontal region, ADHD individuals exhibit higher Glx-to-Cr (Glx/ Cr) ratios than controls at the frontal-striatal region and at the right dorsolateral frontal region (MacMaster et al. 2003) . In addition, patients with hyperactive-impulsive subtype ADHD were found to have significantly lower NAA levels in the dorsolateral prefrontal cortex than inattentive ADHD patients and control subjects (Hesslinger et al. 2001) . Furthermore, at the anterior cingulate cortex, the glutamate plus glutamine to myo-inositol-containing ratio compounds in children with ADHD, were significantly higher than children with ADHD plus bipolar disorder and controls at the anterior cingulate cortex (Moore et al. 2006) . This latter finding contrasts with results found in the largest sample of ADHD adult cases and controls analyzed by 1 H-MRS, which showed a significant reduction of the Glx/Cr ratio in the right anterior cingulate cortex in patients with ADHD when compared to controls (Perlov et al. 2007 ). The latter result may be explained the fact that the other studies investigated children and adolescents with ADHD, whereas the Perlov et al. study focused on adult patients. Finally, a meta-analysis of available data reported increased Choline-to-Cr (Cho/Cr) compounds including the prefrontal cortex, striatum, and anterior cingulated cortex (Perlov et al. 2009 ).
In the present study, we compared the 1 H-MRS profiles of individuals with ADHD (cases) with those of individuals without ADHD (controls) in brain areas showing evidence of anatomic abnormalities and previously shown to be associated with ADHD (Krain and Castellanos 2006) . The areas specifically examined in this study were striatum, cingulated gyrus, splenium of the corpus callosum, medial and lateral thalamus, and cerebellar vermis.
Even though the main goal of this study was to determine the effect of the ADHD diagnosis and to explore potential effects of demographic covariates such as age and sex on brain metabolite concentration, this study also provides useful information to control these variables, which are potential confounders in future 1 H-MRS studies focused in detecting specific effects of biomarkers and/or genetic polymorphisms on brain function.
Methods

Subjects
Individuals were ascertained as part of an ADHD genetic study of a genetic isolate, the Paisa community of Antioquia, in Colombia, South America (Arcos- Palacio et al. 2004) . Demographic, clinical assessment, and genetic information have been provided elsewhere . Imaged individuals, to the best of our knowledge, were not biologically related. They were neither sedated nor receiving medications for the treatment for ADHD. Participation required informed consent of adults or parental consent for minors. The study was approved by the Institutional Review Board of the University of Antioquia, in Medellin, Colombia, and the National Human Genome Research Institute, National Institute of Health, Bethesda, MD, USA.
H-MRS methodology
Potential differences between ADHD cases and controls with respect to brain metabolism, as assessed by the ratio of N-acetylaspartate (NAA), Inositol (Ins), Choline (Cho), and Glutamate-Glutamine complex (Glx) to creatine (Cr), were explored in 14 cerebral regions namely: right striatum (RS), left striatum (LS), splenium of the corpus callosum, right anterior cingulate (RAC), left anterior cingulate (LAC), right medial cingulate (RMC), left medial cingulate (LMC), right posterior cingulate (RPC), left posterior cingulate (LPC), right lateral thalamus (RLT), left lateral thalamus (LLT), right medial thalamus (RMT), left medial thalamus (LMT), and cerebellar vermis.
To obtain the measures of metabolic brain activity using 1 H-MRS, T2-weighted high-resolution anatomic images were obtained in the axial, coronal, and sagittal planes (TE = 103 ms, TR = 5,910 ms, 3 mm slice thickness, and 5:27 (min:sec) imaging time). Axial images were oriented parallel to the orbitomeatal anatomical reference plane. The T2-weighted images were used to guide multi-voxel MR spectroscopy volume selection. The 2D chemical shift imaging (CSI) point-resolved spectroscopic sequence (PRESS) technique (TE = 30 ms, TR = 1,500 ms, NEX = 3, resolution 10 mm 9 10 mm 9 10 mm, acquisition time = 6:05) was localized in the inferior vermis using the anatomical reference images. Three-dimensional CSI PRESS sequence (TE = 30 ms, TR = 1,500 ms, NEX = 3, resolution 13.3 mm 9 13.3 mm 9 13.8 mm, acquisition time = 10:23) explored the center of the brain including the striatum, thalamus, and the cingulate gyrus relative to anatomic images. Saturation bands around the 2D and 3D volumes of interest (VOI) were used to prevent contamination of the spectra from subcutaneous fat signal. All MR data were obtained on a 1.5 T Symphony Master Class Siemens Clinical Imaging System using an 8-channel head array coil. The spectra were transferred off-line to be processed automatically using LCModel (Castillo et al. 2000; Provencher 2001) . Average data from voxels covering the left and right striatum (3-4 voxels), lateral (2 voxels), and medial (2 voxels) aspects of the thalamus, anterior (1 voxel), medial (1 voxel) , and posterior (1 voxel) cingulate gyrus, and inferior vermis (2 voxels) were analyzed. Voxels containing cerebrospinal fluid were excluded from the analyses.
Criteria for acceptable reliability were those recommended by the LCModel provider (Provencher 2001) . This multivoxel approach allowed us to explore most of the structures linked to dysfunction of frontal-striatal-cerebellar circuits in ADHD. Total scanning duration was 45 min. Absolute metabolite quantification was not attempted because of the requirement for markedly increased data acquisition time, which is particularly problematic for patients with ADHD. Statistical differences of brain metabolite ratios between the two groups were ascertained with the general linear model at an uncorrected type I error probability of 5 %, as this was an exploratory analysis.
We chose certain target regions (striatum, cingulate gyrus, cerebellar vermis, and splenium of the corpus callosum) based on prior evidence of anatomic abnormalities and added the medial and lateral thalamus, a region that has been difficult to quantify volumetrically (Krain and Castellanos 2006) .
Statistical analyses
Exploratory analysis
For each metabolite-region combination, measures by subject are reported as arithmetic averages of multi-voxel MR spectroscopy registered data. Because of the presence of zero ratios and missing observations clustered at vermis and splenius, we used two approaches to solve these common problems when acquiring data by 1 H-MRS. First, we replaced zero ratios by the minimum registered value as estimated by the density distribution function for each 1 
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metabolite; second, we deleted rows presenting with at least one missing cell at the vermis and splenius. Results obtained for each one of these two scenarios were compared in order to define any significant effect of null cells. Potential differences between individuals with ADHD and unaffected individuals regarding age and sex were explored by a two-tailed t test and a v 2 test. The effect of age on metabolite concentration was explored using ratios dispersion and correlation matrices by region while controlling for the variable sex as a modifier (Kadota et al. 2001) .
Differences in correlation coefficients (q) between individuals with ADHD and unaffected individuals were tested using a two-tailed Z test to contrast the hypothesis H 0 : q affected = q unaffected . The false discovery rate (FDR) procedure (Benjamini and Hochberg 1995; Benjamini et al. 2001) , in which every P value is compared against a specific sequentially weighted threshold, was used to correct for multiple testing.
Kolmogorov-Smirnov and Mann-Whitney tests
We performed the Kolmogorov-Smirnov (KS) and MannWhitney (MW) nonparametric tests in order to determinate, by region (1) whether the distribution of the ratios is the same for affected and unaffected subjects and (2) whether significant differences were present in the metabolite ratios when comparing affected and unaffected individuals, respectively. To eliminate potential confounder effects of sex and age over the ratio in each region, both tests were applied on the residuals of the linear model calculated as follows. First, define y ij as the i-th metabolite ratio (Ins/Cr: i = 1; NAA/Cr: i = 2; Cho/Cr: i = 3; Glx/Cr: i = 4) in the j-th region (see above), and fit the linear model y ij = b 0,j ? b 1,j Sex ? b 2,j Age; second, calculate the predicted metabolite ratio asŷ ij ¼b 0j þb 1j Sex þb 2j Age and third, calculate the residuals.
Generalized linear models
To study correlations between metabolites and the presence of ADHD diagnosis while controlling by confounding factors such as age and sex by region, we modeled the metabolites' measurements using the following linear models: (1) Gamma regression model with identity link function was also fitted to the data using the same structure as in model (1) . Finally, we explored potential differences among cases and controls of correlations among metabolites (independent of demographic and phenotype covariates). For the purposes of selection, some goodness-of-fit statistical measures including the Akaike information criteria (AIC), log-likelihood, R 2 , and the adjusted R 2 were estimated for all models (data not reported). Data processing and statistical analysis were performed in R (R Development Core Team 2011).
Results
A total of 34 individuals, 21 (61.7 %) females and 13 males (38.3 %), ages 8-54 years, 14 (41.2 %) with ADHD and 20 controls without ADHD underwent 1 H-MRS. Two individuals, one ADHD-affected and one unaffected were excluded because of the substantial presence of missing data. Table 1 (Online Supplementary Material) summarizes demographic data (age and sex) of the remaining 32 individuals subject to analysis. Further information to the ADHD phenotype status, regarding either the presence or not of oppositional defiant disorder, conduct disorder, nicotine abuse, alcohol abuse, other substances abuse, anxiety, and depression is included. Detailed information regarding DSM-IV clinical subtypes and latent classes endorsement has been published elsewhere Acosta et al. 2008) . Similarly, detailed information regarding neuropsychological characterization including intelligence coefficient (IQ) as well as other additional potential neuropsychological endophenotypes has been published elsewhere (Pineda et al. 2011) . No significant difference between individuals with and without ADHD regarding age and sex was detected (t = -0.12, df = 26.93, P = 0.9028; v 2 = 1.03, df = 1, P = 0.3104, respectively).
Metabolite concentration raw data, that is, mean, standard deviation, and range, for ADHD-affected and unaffected groups, throughout analyzed regions, are presented in Table 2 (Online Supplementary Material). After controlling by sex and age, and correcting by multiple testing using the FDR, the KS test revealed significant differences at the RPC for the Glx/Cr ratio when comparing individuals with ADHD to unaffected individuals (P \ 0.05, Table 1 ). Figure 1 depicts the density distribution functions for the Ins/Cr, NAA/Cr, GPc/Cr, and Glx/Cr metabolite ratio concentrations by ADHD status, which highlights the statistically significant difference found for the Glx/Cr ratio. Furthermore, although not statistically Fig. 1 Density distribution functions by ADHD status at the RPC for a Ins/Cr, b NAA/Cr, c GPc/Cr, and d Glx/Cr ratios after controlling by sex and age. P values were corrected by multiple comparisons using the FDR. A significant difference for Glx/Cr ratio was found (P \ 0.05). Abbreviations as in Table 1 significant, individuals with ADHD demonstrated slightly higher Glx/Cr metabolite levels than unaffected individuals (Table 2 , Online Supplementary Material). There were also statistical differences between the linear correlation coefficients (P \ 0.001) of ADHD individuals versus controls. Figure 2 shows scatter plots as well as linear models depicting these differences in the LPC, RPC, RS, and Splenius. Significant differences were found between cases and controls for Ins/Cr versus age (Fig. 2a) , NAA/Cr versus age (Fig. 2b) , and Glx/Cr versus age (Fig. 2c) in the LPC; NAA/Cr versus age in the splenius (Fig. 2d) and RPC (Fig. 2e) , and Ins/Cr versus NAA in RS (Fig. 2f) that was only present in ADHD patients.
Discussion
In this study, we report the presence of significant differences in the Glx/Cr ratio density distribution function in the right posterior cingulate (RPC) in individuals with ADHD versus controls after controlling by sex and age (FDRcorrected P \ 0.05, simulated P \ 0.0001). In addition, we disclosed several interactions of metabolite concentrationto-Cr ratio, ADHD status, and age. These metabolite ratios included Ins/Cr and Glx/Cr at the LPC, and NAA at the splenius, RPC, and LPC. Finally, we found differential metabolite ratios interaction in ADHD cases versus controls for Ins and NAA at the RS.
From these results, we might infer three main conclusions: (1) NAA/Cr, Glx/Cr, and Ins/Cr ratios, as reported in other studies, are significantly different in individuals with and without ADHD; (2) the trend of these metabolite ratios differences in ADHD cases versus controls evolves in a differential with age, suggesting that brain ontogeny follows a differential metabolic program in ADHD cases compared to controls, which may correlate with differences in attaining peak cortical thickness (Shaw et al. 2007 ); (3) some metabolite concentration-to-Cr ratios may also interact in a differential way, as is the case of Ins and NAA at the RS.
The strengths of this study include: (1) this is the first report using a multivoxel approach to study ADHD, which allowed us to simultaneously explore most of the structures linked to dysfunction of the frontal-striatal-cerebellar circuits in ADHD; (2) ADHD cases and controls were ascertained from a genetic isolate, where environmental and genetic influences have shown to be homogeneous treatment; (4) correction for multiple comparisons was applied following the FDR procedure (Benjamini and Hochberg 1995) .
